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EFFECTS OF SPACE PLASMA DISCHARGE 
ON THE PERFORMANCE OF LARGE ANTENNA STRUCTURES 
I N  LOW EARTH ORBIT 
HANS-JUERGEN C. BLUME 
Summary 
The anomalous plasma around spacecrafts i n  low e a r t h  o r b i t  represents t h e  
coma o f  an a r t i f i c i a l  comet. The plasma discharge i s  caused by an energet ic  
disturbance o f  charged p a r t i c l e s  which were former ly  i n  a s t a t e  o f  e q u i l i -  
brium. The plasma can a f f e c t  the  passive and a c t i v e  rad io  frequency 
opera t ion  o f  l a r g e  space antennas by inducing corona discharge o r  s t rong 
a r c i n g  i n  the antenna feeds. One such l a r g e  space antenna i s  the  15-meter 
hoop co l  umn antenna which cons is ts  o f  a mesh membrane mate r ia l  ( t r i c o t  
k n i t t e d  go1 d p l a t e d  wire) r e f l e c t o r  and carbon f i b e r  tens ion cords. The 
atomic oxygen i n  the plasma discharge s t a t e  can fo rce  the  w i re  base metal 
p a r t i c l e s  through the  g o l d  l a t t i c e  and oxydize the metal p a r t i c l e s  to b u i l d  
a Schot tky-barr ier  con tac t  a t  the  p o i n t  where the  wires meet. 
can cause s t rong dev iat ions i n  the r e f l e c t o r  performance i n  terms o f  antenna 
p a t t e r n  and losses. Also, the carbon-f iber cords can experience a s t reng th  
reduc t i on  o f  30 percent  over a 40-hour exposure time. 
This e f f e c t  
In t roduc t ion  
The change o f  space f l i g h t  emphasis from deep space t o  l ow  e a r t h  o r b i t s  
(LEO) with the  space s h u t t l e  and space s ta t i on ,  has l e f t  the  aerospace 
community w i t h  several unresolved problems associated w i t h  the  u t i 1  i z a t i o n  
o f  l a r g e  s t ruc tu res  f o r  space communications, nav igat ion,  remote sensing and 
ext ra-vehicu l  a r  a c t i v i t i e s  (EVA). This  i s  &e t o  the contamination and 
ambient environment o f  LEO w i t h  a va r iab le  concentrat ion o f  charged 
p a r t i c l e s .  These p a r t i c l e s  are i n i t i a l l y  i n  a s t a t e  o f  equ i l ib r ium.  
However, a disturbance from a moving spacecraf t  i n  LEO can cause phenomena 
such as plasma glow discharge, wh is t le r  waves, s t a t i c  discharges, and charge 
e f f e c t s  or1 the  surface o f  space vehicles. 
The imp l i ca t i ons  i n  the  operat ion o f  space s h u t t l e  and space s t a t i o n s  a re  
numerous. Th is  paper describes the c h a r a c t e r i s t i c  o f  plasma discharge i n  
LEO and discusses the  e f f e c t s  on passive and a c t i v e  opera t ion  o f  antennas. 
A more d e t a i l e d  ana lys is  i s  d i rected toward the  glow discharge and 
temperature v a r i a t i o n  e f f e c t s  on the mater ia l  o f  mesh membranes and cords o f  
a hoop-col umn type antenna. 
The Charac te r i s t i c  of Space Plasma Discharge 
The ambient environment o f  the  ion isphere s t a r t i n g  a t  50 Km above the e a r t h  
sur face and reaching o u t  i n t o  space cons is t s  of so la r  f l u x ,  ambient gas 
species, energetic cosmic rays and plasma ions  and e lect rons.  
o r b i t s  between 200 and 1000 Km the  plasma ions  and e lec t rons  are the  poten- 
t i a l  con t r i bu t i on  t o  discharges ( r e f .  1). Table I shows the  ambient atmos- 
phere concentrat ion o f  var ious  gas species i n  the  form o f  molecular o r  
atomic charged p a r t i c l e s  f o r  the low e a r t h  o r b i t s  of 200, 300, and 800 Km 
a l t i t u d e  ( re f .  1). 
which, together w i t h  surface contamination, a t tacks  the  surface o f  space- 
c r a f t s  more aggressively than o ther  cons t i tuents .  
oxygen i n  atoms per c$ a t  low ea r th  o r b i t  a l t i t u d e s  i s  shown i n  f i g .  1 
( r e f .  1). Fig. 1 ind i ca tes  the  changes o f  concent ra t ion  w i t h  so la r  a c t i -  
v i t i e s  such as sun spots and f l a res .  
r e q u i r e d  t o  i n i t i a t e  s t rong plasma emission o f  o p t i c a l  and i n f r a r e d  waves 
i s  12.7 Km/sec ( r e f .  2). 
r e f .  2 and i s  based on the  so-ca l led Al fven c r i t i c a l  . ion izat ion.  
For low ea r th  
One o f  the  most a c t i v e  p a r t i c l e s  i s  atomic oxygen 
The densi ty  o f  atomic 
The c r i t i c a l  i o n i z a t i o n  v e l o c i t y  
This  v e l o c i t y  dependency i s  exp la ined i n  de ta i l  i n  
The spacecrafts Gemini, Skylab and Shu t t l e  experienced s t rong glow plasma 
discharges i n s p i t e  o f  t h e i r  approximate 8 Km/sec o r b i t  speed. Th is  was &e 
t o  the  compacted h igher  densi ty  o f  charged p a r t i c l e s  ( s h o r t e r  mean-free- 
path) a t  the ram s ide of the  spacecraf t  and the  counter streaming o f  re- 
f l e c t e d  charged p a r t i c l e s .  The experienced glow discharge i n  the  wake o f  a 
moving spacecraft depends on the disturbance o f  the  ambient by turbulence 
coming from the ram section, degasing o f  the  sur face ma te r ia l  and opera t ion  
o f  the  thrusters. 
A plasma diagnostics package (PDP) was f lown on space s h u t t l e  & r i n g  the 
STS-3 mission and the  r e s u l t s  were suimnarized by Papadopoulos ( r e f .  3) as 
f 01 1 ows : 
"Simply attempting t o  e s t a b l i s h  the spect ra l  character  o f  the emission, 
wh i le  ignor ing  the  character  o f  the  associated plasma environment, might  
p rod ice  a very ambiguous and sub jec t ive  i n t e r p r e t a t i o n ,  which by no means 
can be used to  evaluate the  impact of the spacecra f t - re la ted  contamination 
t o  f u t u r e  shu t t l e  payloads o r  to space p la t fo rms and telescopes. 
f o l l o w i n g  sumnary o f  the  plasma environment measured by the PDP conv inc ing ly  
i n d i c a t e s  tha t  c o l l e c t i v e  plasma processes p lay  a l a r g e  r o l e  i n  the proper 
eval ua t i on  of t he  o r b i t e r  contamination: 
The 
( I )  The plasma densi ty  (n)  i n  the  v i c i n i t y  o f  t he  o r b i t e r  was o f t e n  
found several t imes and up t o  an order  o f  magnitude higher than 
the  ambient plasma density (no). It i s  l i k e  an i o n i z e d  c l o u d  
surrounding s e l e c t i v e  areas o f  the  spacecraft; 
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Energetic (20-100eV) electron fluxes up to  1014el/cm2sec were 
measured, w i t h  the maximum occurring during daytime conditions; 
Ion fluxes w i t h  energies of up  to 30eV were observed, sometimes 
coincident w i t h  single or counter-streaming ion beams w i t h  lOeV 
mean energy; 
In addition t o  O+, NO+ and 0+2, HzO+ was observed, being on 
occasion the dominant species; 
An intense e lec t ros ta t ic  broadband noise between low and h i g h  
frequency cutoffs  a t  30 Hz and ZOkHz, respectively, was 
measured, w i t h  amp1 itude to 1 v/m; 
A gas layer of up t o  10-5 t o r r  was associated w i t h  surfaces 
ramming into atmospheric gases. Large pressure increases were 
observed during thruster operations and w i t h  payload bay doors 
cl ose d; 
Most of the plasma as well as  glow phenomena were in tens i f ied  
during daytime RAM conditions and during thruster operations." 
According to this summary, a spacecraft i n  low earth o rb i t  is like an 
a r t i f i c i a l  comet and  i t s  glow i s  the coma. 
The Effect on Passive and  Active Operation of Antennas 
The power spectrum of the plasma discharge i s  not well established. The 
measurements of the glow discharge w i t h  PDP indicated tha t  the power density 
i n  the red and infrared wavelength are the predominant radiations i n  the 
h i g h e r  frequency spectrum (ref. 4 ) .  
measured photographically and amounted to a few hundred Rayleighs per 
Angstrom w i t h  a spectrum increasing toward the infrared ( r e f .  5). 
reported tha t  the 1 ens system for  the very h i g h  resol ution radiometer ( V H R R )  
l o s t  i t s  transmissivity by 30-40% per mission because of glow discharge w i t h  
atomic oxygen and s u n  radiation effects  ( r e f .  6 ) .  
The space shut t le  glow density was 
I t  was 
During  sky1 ab missions, the S193 microwave radiometer-a1 t imeter/scattero- 
meter and the S194 L-band radiometer antennas showed discoloration due to 
plasma contamination ( r e f .  7 ) .  The antenna pitch and yaw control a lso 
experienced d i f f i cu l t i e s  due to contamination from the discharge t ransfer  o f  
a1 uminized my1 ar  from the antenna. 
3 
A t  the low frequency end of the spectrum, the  i n v e s t i g a t i o n  of broadband 
e l e c t r o s t a t i c  noise i n  the  magnetotai l  o f  t he  mangetosphere (see f i g .  2) i n  
r e l a t i o n  t o  plasma sheet dynamics revealed spect ra l  dens i t ies  o f  10-5 t o  
10-16 V2/m2Hz from 1 Hz t o  100 KHz respec t i ve l y  which c o u l d  generate ser ious  
i n t e r f e r e n c e  to  1 ow frequency radiometers ( r e f .  8). 
A d e t a i l e d  descr ip t ion o f  the o r i g i n  o f  the low frequency energies i s  given 
i n  r e f .  9. The author mentioned the  ion-cyc lo t ron  dynamics w i t h  i t s  VLF 
s igna ls  and the plasma waves w i t h  the frequencies up t o  300 KHz as the  main 
e l e c t r o s t a t i c  in ter ference.  
i n  the form o f  wh is t le rs .  
which con t r i bu te  t o  higher frequency in te r fe rence.  
i nves t i ga t i ons  ( r e f .  9) from s a t e l l i t e s  i s  compiled i n  f i g .  2 which shows 
the  reg ions o f  plasma wave occurrence l o c a t e d  i n  a noon-mi dn ight  mer id ional  
c ross  sect ion o f  the magnetosphere. It i s  obvious t h a t  a low e a r t h  o r b i t i n g  
s a t e l l i t e  encounters on ly  the plasma sphere when i t s  o r b i t  i s  c lose  t o  t h e  
equator. A po lar  o r b i t i n g  s a t e l l i t e  however, has t o  cross through many 
d i f f e r e n t  vas t ly  vary ing  electrodynamic environments and can experience 
dramatic in ter ferences.  
The propogation mode o f  these waves i s  most ly  
Also mentioned are hybr ids o f  the d i f f e r e n t  waves 
The r e s u l t  o f  many 
A NASA conference i n  October, 1983 was dedicated t o  spacecraf t  environmental 
i n t e r a c t i o n s  which addressed problems o f  c o l l e c t i n g  negative sur face 
p o t e n t i a l s  o f  spacecrafts from the plasma i n  low ea r th  o r b i t s  ( r e f .  10). 
Many authors po inted o u t  t h a t  discharges from surfaces covered w i t h  KAPTON 
would induce corona discharges i n  antenna feeds o f  passive systems and 
s t rong a rc ing  i n  antenna feeds o f  a c t i v e  systems such as radars and 
communication systems w i t h  medium and h igh  power outputs. 
problem are given i n  r e f .  11, where i t  i s  emphasized t h a t  the  coup l ing  
e f f e c t  between plasma cu r ren t  and the accumulated p o t e n t i a l s  a t  the feed 
p o i n t  impedance i s  an impor tant  f a c t o r  i n  spacecraf t  discharge e l e c t r o -  
magnetic in ter ference.  
Examples o f  t h i s  
The Glow Discharge and Temperature V a r i a t i o n  E f f e c t s  on the  Ma te r ia l  o f  
t he  Mesh and Cords o f  t he  Hoop-Column Antenna. 
One o f  the  la rge  space-structures o f  p a r t i c u l a r  i n t e r e s t  i s  the  15-meter 
Hoop-Column Antenna which i s  shown f u l l y  deployed i n  f ig .  3. 
the  extended hoop keep the  r e f l e c t i n g  mesh membrane i n  the shape o f  para- 
b o l i c  r e f l e c t o r .  The tens ion cords can be c o n t r o l l e d  by motors t o  r e a a u s t  
the  sur face if necessary. The feed systems are l o c a t e d  over the parabo l ic  
r e f l e c t o r  t o  func t ion  i n  a se lec ted  mode of a s i n g l e  o r  multi-beam system. 
The mesh mater ia l  i s  kn i t t ed ,  go1 dp la ted  molybdenum o r  tungsten wi re i n  a 
t r i c o t  pa t te rn  as shown i n  f i g .  4. The w i re  has a 30p m diameter. 
p l a t i n g  i s  0 . 2 5 ~  m o r  250 A' t h i c k .  
openings per diagonal u n i t  length.  The higher the density o f  loops, the  
The column and 
The g o l d  
The mesh may have d i f f e r e n t  l o o p  
4 
c 
higher the reflectivity and the higher the useable operating frequency. 
i s  important t h a t  the wire loops are pretensioned and make good physical 
contact. These wire contacts play an important role i n  antennas used for  
passive appl icat ions such as radiometry. If  the contacts represent lossy 
junctions instead of short connections a radiometer measurement will be i n  
error by the random noise power generated i n  the connection losses. 
I t  
How the atomic oxygen i n  an energized level of a plasma discharge may affect 
the electromagnetic and mechanical properties of large depl oyable structures 
such as the Hoop-Column Antenna will be addressed i n  the following section. 
As explained i n  section "The Characteristic of Space Glow Discharge" the 
atomic oxygen i s  the most chemically active specimen i n  low earth o r b i t .  So 
fa r ,  investigations have been conducted on board the space shuttle during 
STS-3, STS-4, STS-5, and STS-8 on KAPTON, MYLAR, TEFLON, TEDLAR and  
POLYTHYLENE t o  determine the oxidation process in the presence of charged 
particle plasmas. 
( depending on a1 t i t u d e )  material thickness losses between 0.5 vm a n d  13 have 
been measured for an average o r b i t  exposure time of 40 hours which 
represents a reaction efficiency of 0.5 to  4 x 10-24 cm3/Atom (ref. 1).  
Any small losses w i t h i n  the mesh contac t  points contribute to measurement 
errors of brightness temperatures received by a radiometer, especially i f  
the temperature of the mesh a l so  changes. Very drastic temperature changes 
have been experienced in space on the surface of satell i tes and skylab 
(app.  250'K) (ref. 6) .  According to  available literature, the effect of 
atomic oxygen on the contact points of go1 dplated wires w i t h  molybdenum, 
tungsten or other base metals has n o t  yet been investigated. 
A t  an oxygen fluence between 0.65 and 3 x 1020 Atoms/cd 
In  order t o  obta in  a f i r s t  order approximation of metallic changes which 
take place under  similar circumstances, the related work by several 
investigators will be discussed and related to space environment. 
These investigators (ref 12) tested the re1 i a b i l  i t y  of packaging micro- 
electronic devices consisting of go1 d-pl ated Kovar, an iron, nickel and 
c o b a l t  al loy.  For t h a t  purpose, a base metal (iron, nickel or coba l t )  was 
deposited by evaporation on a quarz substrate i n  a vacuum deposi t ion 
system. 
metal. 
cond i t ion ,  a strong spectrun component of Fe (2p)  and O(ls) was measured w i t h  
an x-ray photoelectron spectroscope. An example i s  given i n  f i g .  5. Fig.  5 
a) shows the spectrun before a n d  f ig .  5 b) after the heating t o  229°C. T h i s  
indicates a diffusion of iron molecules through the g o l d  lattice by the 
chemical forces of the molecular oxygen. 
oxydized. Nickel and cobalt show lesser diffusion rates t h a n  iron. In 
order t o  show tha t  oxygen i s  the active element, the bilayer gol&iron was 
heated in a vacuum chamber under a NE o r  He environment. 
A go1 d layer of 3000A" thickness was evaporated over the base 
After heating the bilayer fi lm to 229°C for  hours a t  atmospheric 
After penetration, the iron i s  
No surface 
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accumulation of the base metal was observed. T h i s  indicates t ha t  molecular 
oxygen i n  the atmosphere a t  the ear th  surface is a l r e a Q  chemically act ive 
enough to  force the underlaying molecules through the l a t t i c e  s t ructure  of 
the gold and oxydize i t  on the surface. A similar e f f ec t  was discovered by 
the manufacturer of a mesh membrane antenna. The microwave losses  (15 GHz) 
of the mesh increased two and three fo ld  a f t e r  a long time exposure of the 
antenna i n  a stowed position under atmospheric condition, i.e., the contact 
points of the t r i c o t  pattern were not under tension. 
contact point losses of the oxydized base material, a b u r n i s h i n g  procedure 
was necessary to restore the ref1 ector surface to  theoriginal r e f l ec t iv i ty  
(Boan, B. J., Private Communication, July 26, 1984). 
In order to  remove the 
From these experiences, one could assume tha t  the diffusion of the base 
metal through the go1 d plated l a t t i c e  and i t s  subsequent oxidation woul d be 
accel lerated i f  the mesh of a large space antenna were exposed to low earth 
o r b i t  environment because of the following conditions: . 
a)  temperature cycling a n d o r  gradients (300K) along the antenna 
surface are generated by al ternat ing s u n  and shadow side along 
the orbi t .  
b)  atomic oxygen (more active than molecular) i s  the main const i tuent  
of the low earth o r b i t .  
c )  the plasma discharge increases the impact velocity of the oxygen a t  
the surface. 
In order to  understand the e f f ec t s  to  be expected i n  a space environment, 
the properties of a go1 &molybdenum oxi de-go1 d (Au-MOOS-Au) junction is  
described which was produced i n  the laboratory a n d  extensively tes ted  ( r e f .  
13).  Fig.  6 shows the Au-MOOS-Au junction as i t  was produced i n  a vacuum 
chamber w i t h  an electron beam evaporation process. As pointed out i n  re f .  
14, the majority of investigators of metal-insul ator-metal junctions con- 
sider i t  a well-accepted f ac t  tha t  the interfaces  between the metal and the 
insulator  represent a doped semiconductor interface and in te rpre t  these 
interfaces  as Schottky-barriers. Fig.  7a shows the diagram of the proposed 
energy bands for the metal-doped-insul ator-metal junction. The depletion 
layer i s  X o  thick and the en t i re  junction has the dimension S.  
the doping  i n  the Schottky barr iers ,  the junction is  highly temperature 
dependent. An equivalent c i r c u i t  diagram is show i n  f i g .  7b. The 
capacitances Cs are the Schottky barr ier  capacitances and Cb the in t e r io r  
capacitance which ,has i n  para1 1 el a temperature dependent resistance Rb. 
The value of i s  also dependent on the number of electrons exited from 
donor centers and  can be expressed as  
Because of 
6 
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where @ i s  the i o n i z a t i o n  energy of the donor centers, K i s  b l zmann 's  
constant, T i s  the temperature i n  Ke lv in  and 
MoO3. The impedance o f  the  c i r c u i t  o f  f i g .  7b) i s  
i s  the  bas ic  res is tance of 
1 
The impedance Z can be separated i n t o  a rea l  p a r t  and a capac i t i ve  p a r t  
(R+jWC). The i n v e s t i g a t o r s  of r e f .  14 showed i n  f i g .  8 how s t rong ly  C 
depended on the  temperature T. The r e l a t i v e  l a r g e  capac i ty  C i s  the  r e s u l t  
o f  the l a r g e  area (203mn2) of MOO3 and the  small thickness (0.5pm) o f  MoO3. 
The measured r e l a t i v e  d i e l e c t r i c  constant  o f  Moo3 i s  E = 15.8. 
From the  r e s u l t s  o f  t h i s  experiment, i t  may be s t a t e d  t h a t  t he  con tac t  
p o i n t s  o f  a mesh wi re loop o f  a mesh membrane antenna w i l l  be a f f e c t e d  by 
the  atomic oxygen - plasma discharge and poss ib ly  c rea te  a Au-Mo03-Au 
Schottky b a r r i e r  j u n c t i o n  which has been found t o  be extremely temperature 
sens i t i ve ,  w i t h  capacitance changes o f  50:l  poss ib le  over a 100°K 
temperature range. 
An add i t i ona l  e f fec t  caused by the atomic oxygen-plasma discharge i s  con- 
cerned w i t h  the  proper ty  changes o f  carbon- f iber  cords such as those used t o  
keep the tens ion on the parabolic mesh r e f l e c t o r ,  shown i n  f i g .  3. As 
mentioned i n  r e f .  14, carbon f i l l e d  ma te r ia l s  may r e a c t  a t  ra tes  s i m i l a r  t o  
organic mater ia ls .  F i r s t  i nves t i ga t i ons  i n d i c a t e d  a reac t i on  e f f i c i e n c y  o f  
0.9-1.7 x 10-24 cm3/Atom. For example, Kevlar f i b e r  used ins tead  o f  carbon- 
f i b e r  Hoop Column cords coul d experience a s t rength  reduc t ion  o f  30 percent  
o r  l a r g e r  over a 40-hour exposure time. 
Concl u ding Remarks 
As described i n  the  previous sections, the plasma discharge i n  low e a r t h  
o r b i t s  o f  spacecrafts i s  no t  neg l ig ib le ,  as i s  the  case f o r  h igh  o r b i t s  such 
as the geostat ionary o r b i t  o f  communication s a t e l l  i tes. 
discharge e f f e c t  i s  a t  i t s  maximum i n  the area c lose t o  the poles o f  the 
e a r t h  axis. Special a t t e n t i o n  has t o  be d i r e c t e d  t o  the instruments and 
m a t e r i a l s  exposed t o  the plasma environment around the space s h u t t l e  o r  
s a t e l l i t e s  i n  low ea r th  o r b i t .  
a mesh membrane l a r g e  space antenna such as the hoop column antenna. 
Add i t iona l  s tud ies and research are needed which address the  e f f e c t s :  
The plasma 
O f  p a r t i c u l a r  i n t e r e s t  i s  the u t i l i z a t i o n  o f  
a) o f  microwave noise generation which c o u l d  degrade the measurement 
r e s u l t s  o f  br ightness temperature i n  the  f i e 1  d o f  rad io  astronomy 
and passive remote sensing o f  the ea r th  surface. 
b) o f  the s t r u c t u r a l  changes o f  deployed r e f l e c t o r  mesh. 
c )  o f  reduc t ion  o f  the  breaking s t rength  o f  the  carbon- f iber  cords o f  
depl oye d surfaces. 
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